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Abstract 
Phytoplankton production, standing crop, and loss process- 
es (respiration, sedimentation, grazing by zooplankton, and 
excretion) were measured on a daily basis during the growth, 
dormancy and decline of a winter-spring diatom bloom in a 
large-scale (13 m 3) marine mesocosm in 1987. Carbon- 
specific rates of production and biomass change were highly 
correlated whereas production and loss rates were unrelated 
over the experimental period when the significant changes in 
algal biomass characteristic of phytoplankton blooms were 
occurring. The observed ecline in diatom growth rates was 
caused by nutrient limitation. Daily phytoplankton produc- 
tion rates calculated from the phytoplankton continuity 
equation were in excellent agreement with rates indepen- 
dently determined using standard 14C techniques. A carbon 
budget for the winter bloom indicated that 82.4% of the net 
daytime primary production was accounted for by measured 
loss processes, 1.3% was present as standing crop at the end 
of the experiment, and 16.3% was unexplained. Losses via 
sedimentation (44.8%) and nighttime phytoplankton respi- 
ration (24.1%) predominated, while losses due to zooplank- 
ton grazing (10.7 %) and nighttime phytoplankton excretion 
(2.8 %) were of lesser importance. A model simulating daily 
phytoplankton biomass was developed to demonstrate he 
relative importance of the individual oss processes. 
Introduction 
The carbon dynamics of phytoplankton during annual 
bloom periods have received increasing attention in recent 
years (Grafet al. 1982, Rudnick and Oviatt 1986, Laws et al. 
1988). The short (3 to 4 wk) winter-spring bloom dominates 
the seasonal productivity cycle, frequently representing 
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greater than 30% of the total yearly production in many 
temperate estuarine and coastal areas (Durbin et al. 1975, 
Smetacek et al. 1978, McLaughlin et al. 1982, Sournia et al. 
1987). During the algal bloom, rates of phytoplankton pro- 
duction and change in biomass are typically coupled, with 
increased production leading to increases in standing stock 
(Tilzer 1984, Forsberg 1985). As the bloom progresses, loss 
terms offset primary production resulting in stationary or 
declining biomass values (Jassby and Goldman 1974, Jew- 
son et al. 1981, Reynolds et al. 1982b, Trimbee and Harris 
1984). The ability to balance gains, losses and changes in 
phytoplankton carbon throughout the bloom is an impor- 
tant step in understanding the annual production cycle. 
Quantitative analysis, in the form of a carbon budget, 
provides apowerful tool for judging the relative importance 
of various processes over a bloom period. To date, the num- 
ber of processes included in most phytoplankton budgets 
has been small (Platt and Conover 1971, Jassby and Gold- 
man 1974, Welschmeyer and Lorenzen 1985, Laws et al. 
1988). Phytoplankton production and zooplankton grazing 
are usually incorporated, with sedimentation less frequently 
considered (Copping and Lorenzen 1980, Hecky and Fee 
1981, Forsberg 1985). Other processes uch as horizontal 
advection, respiration, and excretion of dissolved organic 
carbon are rarely measured (Lewis 1974, Coveney etal. 
1977, Peterson 1978). 
In general, removal of phytoplankton by grazing has 
been identified as an important loss process during algal 
blooms. Over the course of the spring bloom in Auke Bay, 
Alaska, Laws etal. (1988) calculated that 58% of the 
biomass produced was lost through zooplankton grazing. 
Tilzer (1984) similarly estimated that 40 to 80% of the losses 
from the phytoplankton community in Lake Constance, 
FRG, could be accounted for by grazing during the spring 
production peak. Deason (1980) suggested that a large por- 
tion of the bloom production in Narragansett Bay, Rhode 
Island was utilized by microzooplankton r the benthos. 
Other authors have suggested that sedimentation is a 
major loss process during phytoplankton blooms in estua- 
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rine and coastal areas. Smetacek et al. (1978) and Peinert 
et al. (1982) reported significant fluxes of carbon to the ben- 
thos over the course of spring blooms in the Baltic Sea 
(Bornholm Basin and Kiel Bight). Rudnick and Oviatt 
(1986), working in mesocosms, imilarly concluded that sed- 
imentation was an important fate of phytoplankton pro- 
duced during the winter-spring bloom in Narragansett Bay. 
In this paper we describe the day-to-day relationship 
between primary productivity, change in algal biomass, and 
loss processes of a natural phytoplankton community from 
Narragansett Bay. The study was conducted in an enclosed 
mesocosm (5.0m depth, 13 m 3 volume) of the Marine 
Ecosystem Research Laboratory (MERL) over a 26 d 
(February to March 1987) diatom-dominated winter-spring 
bloom. The major diatoms present during the bloom (Skele- 
tonema costatum and Thalassiosira spp.) are typically the 
dominant phytoplankton during the winter-spring bloom in 
Narragansett Bay (Karentz and Smayda 1984). The floristic 
composition of the sedimented biomass, a comparison of 
sinking and sedimentation rates, and other aspects of phyto- 
plankton production over the study period, are discussed 
elsewhere (Riebesell 1988, Keller and Kelly unpublished). 
Data collected in situ were used to compare the loss 
processes (respiration, sedimentation, grazing and excre- 
tion) to productivity and to construct a phytoplankton car- 
bon budget. Use of the enclosed system ensured that lateral 
transport need not be considered. We evaluated our results 
statistically by comparing the daily rate of production calcu- 
lated from the phytoplankton continuity equation with rates 
independently determined using standard 14C techniques 
(Strickland and Parsons ]972). The observed phytoplankton 
production and loss rates were also used to simulate daily 
phytoplankton biomass. By successfully balancing the bud- 
get and simulating biomass, we demonstrate hat the most 
important factors affecting phytoplankton over the bloom 
period have been identified. 
Methods 
Experimental design 
A 13 m 3 mesocosm was filled with seawater f om Narragan- 
sett Bay 1 d prior to the experiment. Earlier research as 
established the validity of the mesocosms as research tools 
for studying well mixed, shallow estuarine ecosystems 
(Prison et al. 1980, Oviatt et al. 1986b) and a general de- 
scription of the tanks has appeared elsewhere (Oviatt et al. 
1986 a). For this experiment a single mesocosm was main- 
tained without a benthic compartment, (i.e., sediment and 
intact benthic community). Over the course of the experi- 
ment flocculent material settled on the bottom of the tank. 
A mixing regime was designed: (1) to provide a well mixed 
water column and (2) to prevent resuspension of the floccu- 
lent material. A pre-experiment study was carried out by 
Riebesell (1988) to determine the mixing schedule and rota- 
tional speed of the mixers required to mix the upper 4.5 m 
of the water column at all times and to prevent resuspension 
of the sedimented material. To determine the requirements 
for the first objective, a fluorescent dye, rhodamine b, was 
added to the tank at different mixing rates and the disper- 
sion over the water column monitored (Turner Design Flu- 
orometer). To fullfill the second objective, total suspended 
material was initially measured in the test mesocosm. Sam- 
ples were then taken after 12 h mixing periods at various test 
rates at 4.5 m, the depth of the sediment trap deployment. 
The optimal mixing regime, based on both studies, consisted 
of pulsed horizontal mixing (1.5 rain of clockwise rotation, 
1.5 min at rest followed by 1.5 min of counterclockwise rota- 
tion) at a mixing rate of 3.5 rotations rain- 1. 
To initiate bloom conditions, a single nutrient addition 
(14 #mol NH4C11-1, 1.1 #mol KH2PO 41-1, and 
13.5 #mol NaSiO 3 1-1) was added to the system at the start 
of the experiment. The selected level of addition doubled the 
concentration of nutrients measured in the input water at 
the time the tank was filled (February 6, 1987). No water 
was exchanged with Narragansett Bay over the study peri- 
od. 
Measurements 
Incident light (400 to 700 nm, photosynthetically active ra- 
diation, PAR), temperature, inorganic nutrients, chloro- 
phyll a, cell carbon, sedimentation, and fecal pellet carbon 
were measured aily (sometimes every other day, see below) 
from February 7, to March 4, 1987. Missing values were 
generated by linear interpolation. Primary production, phy- 
toplankton respiration and excretion, pH, alkalinity, and 
light extinction were determined every third day beginning 
February 12, 1987. 
Hourly incident (E m- 2 h- 1) and total daily irradiation 
(E m -2 d -1) were recorded using LI-COR, LI-190S quan- 
tum sensors. Vertical ight profiles (0.1, 0.5, 1.0, 2.0, 3.0, and 
4.5 m) were taken with a cosine corrected Lt-COR, LI-192S 
quantum sensor. Light attenuation coefficients were calcu- 
lated with the exponential model for decay of light with 
depth. Temperature was recorded aily with a thermistor 
located 1 m beneath the water surface. Dissolved inorganic 
nutrients (PO4 -3, NHa-, NO2- , NO3- , SiO4 -4) were ana- 
lyzed on a Technicon Autoanalyzer. Samples were collected, 
daily from 1 m depth, filtered through a 0.6 #m Nuclepore 
filter, frozen and analyzed within 1 mo. 
Chlorophyll a concentration was measured aily from 
replicate 10 ml aliquots of water collected at I m depth. 
Samples were filtered onto Whatman 25 mm GF/F glass 
fiber filters (1 #m particle retention), frozen, extracted with 
90% acetone and analyzed fluorometrically using a Turner 
Design Model 10 Field Fluorometer (Strickland and Par- 
sons 1972). Phytoplankton cell counts were made on pre- 
served water column samples (Lugol's iodine solution) using 
Uterm6hl's (1958) inverted microscope method. Cell vol- 
umes were calculated from cell size measurements (Kovala 
and Larrance 1966) and converted to cell carbon (Eppley 
et al. 1970). 
In situ primary production was measured using standard 
14C techniques (Steemann Nielsen 1952). Water samples, 
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pooled from 0.1, 2.5, and 4.5 m, were placed in polycarbon- 
ate bottles (85 ml) and inoculated with 0.1/~Ci sodium 1~C 
carbonate. Bottles were suspended at 6 depths (0.1, 0.5, 1.0, 
2.0, 3.0, and 4.5 m) and incubated for 4 h around noon; a 
dark bottle was hung at 4.5 m. Upon removal, samples were 
filtered onto 25 mm Whatman GF/F glass fiber filters (1/~m 
particle retention) at 125 mm Hg (maximum vacuum). Fil- 
ters were acidified with 100 #1 concentrated HC1 (12.1 77) 
and placed in scintillation vials with 10 ml of scintillation 
fluid (Aquasot II, New England Nuclear, Boston, Ma). The 
filtrate was acidified to pH 2 with 1 ml concentrated H3PO 4 
(44.4 N) and bubbled for 15 min with nitrogen gas to re- 
move 14C-CO2. Ten ml of filtrate were placed in scintillation 
vials with 10 ml of Aquasol II. Both filter and filtrate sam- 
ples were shaken for 3 h to allow degassing of residual inor- 
ganic x~C and then placed in the scintillation counter for 
dark adaptation (8 h) prior to counting (Beckman Model 
3801 Liquid Scintillation Counter). Primary production 
(mg C m -a h-1) was calculated following Strickland and 
Parsons (1972) with total available inorganic arbon deter- 
mined from pH and alkalinity measurements (Beckman 
Model 71 pH meter). Extracellular release of dissolved or- 
ganic carbon (DOC, mg C m-  3 h-  ~) was calculated from 
the filtrate samples (Peterson 1980) after adjusting for total 
volume. Hourly production and release beneath 1 m 2 of 
water column were calculated by numerically integrating 
(trapezoidal rule) these values over depth. 
Photosynthesis versus irradiance curves (P-I curves) 
were constructed from the production and light data on each 
day and fit to the hyperbolic tangent function (Platt and 
Jassby 1976): 
4 h) over the daylight period with 24 h x4C measurements. 
On three occasions (February 12, 17, and 19) respiration at 
night was measured using light-dark oxygen titration tech- 
niques (Oviatt et al. 1986 b). Dissolved oxygen was analyzed 
by azide modification of the Winkler method (APHA 1980). 
Respiration rates were assumed to remain a constant per- 
centage of production between sample dates and may in- 
clude some unknown percentage of bacterial and zooplank- 
ton respiration. 
Particulate fluxes of cell carbon (S, rug C m -2 d-  1) were 
determined from six evenly spaced sediment raps posi- 
tioned 50 cm above the bottom and across half the diameter 
of the tank. The clear plexiglass traps were 20 cm long with 
tapered 4.5 cm diam. openings. Phytoplankton cell numbers 
present in traps were counted from preserved samples and 
converted to cell carbon as previously described for the 
water column. Fecal pellet abundances in traps were also 
counted and converted to sedimented fecal pellet carbon 
(FPC, mg C m -2  d-1) by measuring their volume and mul- 
tiplying by 0.11, a conversion factor for intact phytoplank- 
ton cells (Bathmann et al. 1987). Fluxes, cell number, and 
FPC were measured aily during the second and third week 
of the experiment and otherwise, every other day. Daily 
values were generated by linear interpolation. 
Exponential rates 
Phytoplankton growth was described by the basic exponen- 
tial growth equation: 
Bi + t = Bi e kt, (2) 
P~ =Pm tanh (c~ I./P,~), (1) 
where P, is measured hourly productivity at each of six 
depths (mg C m -3 h - l ) , / ,  is light available at each depth 
(Em-Zh-1) ,  Pm is maximum hourly production rate 
(mg C m - 3 h - 1), and c~ is the initial slope of the P-I curve 
(mg C E-1 m-~). Using tile fitted parameters (Pro and ~), 
the measured hourly PAR, and the measured extinction co- 
efficient, hourly rates (P~) were calculated (Eq. 1) for each 
hour of the day, integrated over depth and summed to give 
daily rates (P, mg C m-  2 d-  ~). A unique P-I curve was gen- 
erated on each day that productions were measured. Keller 
(1988) established that this calculation provided a good 
estimate of daily in situ primary production. On days when 
productions were not measured, model parameters and ex- 
tinction coefficients were linearly interpolated over time and 
used with measured light values to calculate production on 
a day-to-day basis. Overall parameter uncertainty intro- 
duced ca 5 to 10% error in calculated production (Keller 
1988). 
To provide a more detailed consideration of phytoplank- 
ton carbon dynamics during the winter-spring bloom we 
periodically estimated phytoplankton respiration at night. 
Nighttime respiration rates (R, mg C m -2 d -1) were mea- 
sured on a few occasions (February 19 and 26) by comparing 
sequential short-term 14C measurements (3 incubations, 
where the exponential growth rate constant describing the 
observed (net) rate of biomass change, k (d-1) was calculat- 
ed as: 
k= [ln (Bi+ ~/Bi)]/t, (3) 
with B i the phytoplankton biomass (rag C m -2) at the start 
of the time interval and t the sample interval (1 d). A similar 
exponential equation was used to calculate the carbon- 
specific production rate (Knoechel 1977, Forsberg 1985): 
b = {In [(B i + Pi)/BiJ}/t (4) 
where b (d- ~) is the instantaneous production rate, Pi is the 
daily integral production (mg C m-2 d- i )  on Day i, Bi is 
phytoplankton biomass (rag C m-2) on the same day and t, 
the sample period is 1 d. 
The observed rates of biomass change (k) are composed 
of the instantaneous carbon-specific production rates (b) 
and a series of loss terms, [i.e., removal rates through respi- 
ration (kr), sedimentation (ks) , grazing (k0) , excretion (ke) ,
and other residual osses such as death]: 
k=b-k~-~s-k  o k~-k,~,~o,. (5) 
To construct a true mass balance for the phytoplankton 
population, we independently determined the loss rates, as 
well as the production and net growth rates. Daily loss rates 
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were assumed to be exponential nd were calculated as, for 
example: 
k, = In [1/(1 - RiBs)] (6) 
where k~ (d- i) is the instantaneous carbon-specific loss rate 
due to nighttime respiration, R i is the integral nighttime 
phytoplankton respiration rate (rag C m -2 d -1) on Day i 
and B~ is phytoplankton biomass as in Eq. 2. 
Results 
Environmental variables 
Ambient insolation, PAR, averaged 24.8 E m -2 d - i  (range 
3.1 to 33.1) with relatively low light (<5.5) occurring on 
only 4d. Extinction coefficients ranged from 0.51 to 
1.25 m-1 with highest values occurring during the peak of 
the bloom (February 17). Low values (<0.80 m 1) were 
recorded at the end of the sampling period (March 1 to 4) 
when the phytoplankton population had shifted from a 
diatom- to a flagellate-dominated community (for details, 
see Riebesell 1988). The average value for extinction coeffi- 
cients (0.97 m 1) corresponded to a euphotic depth (1% 
light level) of 4.7 m. 
Water temperature in the mesocosm varied irregularly 
from 0.5 ~ to 3.0~ (averaging 1.5 ~ Dissolved inorganic 
nutrient concentrations (Fig. 1) decreased rapidly through- 
out the first 11 d, remaining at low levels (<0.5 #mol 1-1) 
from February 18 to the end of the study. 
Phytoplankton biomass and productivity 
Water column phytoplankton carbon was calculated by 
multiplying the standing crop of chl a by 26, the empirically 
determined slope of the functional regression (Laws and 
Archie 1981) relating estimated cell carbon (see Methods) to 
measured chl a (Fig. 2). This value is not statistically differ- 
ent (P_>0.05) from the slope (C:Chl= 31) of the regression 
of particulate organic carbon vs chl a for the mesocosms 
(Keller 1986) and within the range ofC : Chl ratios previous- 
ly reported for Narragansett Bay (Durbin et al. 1975). The 
intercept of the functional regression indicated a back- 
ground level of detrital carbon equivalent o 51 mg m-3. 
Depth integrated phytoplankton carbon (mg C m -2 d-  1) 
was calculated for this well-mixed system by multiplying the 
water column concentration at1 m by a depth of 4.5 m, (i.e., 
the depth over which productions were measured, the loca- 
tion of the sediment traps, and the approximate extent of the 
euphotic zone). This ensured that areal estimates of 
biomass, productivity and losses were calculated over the 
same depth. 
Examples of the P-I curves used to estimate Pm and c~ are 
given in Fig. 3. Examples are from the pre-, peak- and post- 
bloom periods and demonstrate he excellent fit of observed 
vs predicted production based on the hyperbolic tangent 
function (Eq. 1). 
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Fig. 2. Plot of water column carbon (mg m- 3) versus chlorophyll a
(mgm -3) over the experimental period showing least-squares 
(Model II) linear fit to the data (slope = 26) 
Integrated aily productivity and phytoplankton stand- 
ing crop exhibited the same temporal pattern throughout 
the winter-spring bloom (Fig. 4), beginning with an increase 
over the first 11 d of the experiment. The pre-peak period 
(February 12 to 16) was characterized by a twofold increase 
in production with a corresponding threefold increase in 
biomass. The highest production (1 682 mg C m -2 d -1) oc- 
curred on February 17 at the time of the peak crop 
(3 379 mg C m-2) and then both values declined rapidly un- 
til February 28. During the postbloom period (March 1 to 
4) phytoplankton biomass and primary productivity were 
low and relatively constant, a period characterized by a 
distinct shift in community structure from diatoms to flagel- 
lates (Riebesell 1988). 
Respiration 
Since production estimates were based on short-term 14C 
incubations they approximated net daytime production 
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Fig. 5. Daily variation in loss rates (rag C m -2 d -1) - nighttime 
phytoplankton respiration (note: assumed to be a constant percent- 
age of production between i frequently measured values, see text), 
sedimentation, grazing by zooplankton and nighttime phytoplank- 
ton excretion - from the phytoplankton community over the winter- 
spring bloom (February 7 to March 4, 1987) 
rather than linearly interpolating between measured values. 
On average 24% of the integrated aily production was 
respired at night, corresponding to a mean respiration rate 
of 164rag Cm -2 d -1 
(Lewis 1974, Peterson 1980) and needed to be adjusted only 
for night respiratory loss, (i.e., phytoplankton respiration 
during the incubation was not included in the production 
estimate)9 Measured nighttime respiration was ca 10% of 
net daytime production at the beginning (February i2) of 
the bloom and ca 35% of daytime production during 
and after the peak production (February 17, 19 and 26). 
Calculated nighttime respiration ranged from 21 to 
589 mg C m-  2 d - 1 with high values occurring during and 
shortly after the peak in phytoplankton production (Fig. 5). 
The observed large increase in respiration on February 17 
(Fig. 5) resulted from our assumption that respiration was a 
constant percentage of production between sample dates 
Sedimentation 
Phytoplankton sedimentation rates averaged 3 i9mgC 
m -2 d - I  and followed the general trend seen for produc- 
tion, biomass and respiration (Fig. 5). Sedimentation rates 
increased exponentially from an initial value of 
217mgCm-2d -z on February 8 to a peak rate of 
594 mg C m - 2 d - 1 on February 17. Sedimented cell carbon 
remained high until February 20 and then declined rapidly 
until March 1 with low values (< 40 mg C m-2 d-1) for the 
final days of the experiment. At the peak of the bloom, 30% 
of the integrated aily primary production was removed 
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from the water column as sedimented phytoplankton 
biomass. 
Grazing 
We estimated the rate of loss of phytoplankton through 
zooplankton grazing (Fig. 5) from herbivore fecal material 
collected in sediment raps. We assumed that 100% of the 
FPC originated through herbivory (an oversimplification 
since zooplankton do not feed exclusively on phytoplank- 
ton) and calculated grazing rates (G, mg C m-  2 d -  1) as: 
G = FPC/(I - A) (7) 
with a mean assimilation efficiency (A) of 70% (Conover 
1966, Downs and Lorenzen 1985). We thus assumed that 
70% of the food taken up was assimilated by the zooplank- 
ton and 30% was egested (as intact phytoplankton cells). 
Since the fecal pellet volume to carbon content conversion 
was made as for intact phytoplankton cells, the grazing rate 
should be viewed as a maximum. In reality, some percentage 
of the fecal pellet volume is occupied by undigested remains, 
as well as intact cells. 
Grazing of phytoplankton (Fig. 5) calculated from the 
associated vertical flux of fecal pellets was relatively con- 
stant (98 to 127mgCm -z d -1) from February 10 to 20, 
varying by ca 25%. Calculated grazing rates decreased con- 
tinuously from February 23 to the end of the study with an 
overall average of 76 mg C m-2  d-  t. Throughout the 
bloom the zooplankton were dominated by the copepod 
Acar t ia  hudson ica  and larvae of the barnacle Semiba lanus  
balanoides.  The decline in absolute grazing rates was associ- 
ated with the metamorphosis of barnacles from the naupliar 
to the non-feeding cypris stage. Over the experimental peri- 
od, 11% of the total net daytime production was removed 
by zooplankton grazing. 
Excretion 
None of the measured excretion during the incubation peri- 
od was included in the midday production estimates or con- 
sequently in the extrapolated net daytime production. Thus, 
only the additional excretion at night needed to be included 
in the loss term. To estimate this loss we assumed that night 
excretion was equal to day. Twenty-four hour excretion 
rates did not differ significantly from 4 h rates, suggesting 
that this assumption was valid. Measured areal excretion of 
DOC was ca 2% of areal production over the pre- and 
peak-bloom period (February 12 to 19). From February 22 
to March 4 excretion ranged from 5.8 to 8.8% of production 
(average 7.1%). Based on these measurements, we calculat- 
ed daily excretion at night as 2% of net daytime production 
from February 12 to 21 and 7% from February 22 to March 
4. Compared with other loss terms (Fig. 5) excretion rates 
were low (range 4.2 to 33.6 mg C m -2 d -1) and relatively 
constant (average 19.4 mg C m -2 d-1) over the experimen- 
tal period, removing an average of 2.8% of the net daytime 
production. 
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Fig. 6. Daily variation in exponential carbon-specific rates (d- t) of 
production (b, from 14C measurements), biomass change (k) and 
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Table 1. Exponential carbon specific rates (d- t) for phytoplankton 
production (b, observed and b* predicted), biomass change (k), 
nighttime phytoplankton respiration (kr), sedimentation (ks), graz- 
ing (ko) and nighttime phytoplankton excretion (ke) over the winter- 
spring bloom (1987) 
Date b b* k k r k s k o k e 
Feb 7 0.12 
8 0.05 
9 0.11 0.34 
10 0.22 0.37 0.15 
1l 0.30 0.34 0.11 
12 0.51 0.63 0.19 0.07 0.28 0.08 0.013 
13 0.52 0.54 0.15 0.07 0.23 0.07 0.014 
14 0.51 0.59 0.24 0.07 0.21 0.06 0.013 
15 0.46 0.43 0.13 0.06 0.18 0.04 0.012 
16 0.44 0.47 0.19 0.06 0.18 0.03 0.011 
17 0.39 0.41 -0.003 0.18 0.19 0.04 0.010 
18 0.37 0.25 -0.14 0.17 0.18 0.03 0.009 
19 0.34 0.30 -0.09 0.15 0.19 0.03 0.008 
20 0.33 0.17 -0.24 0.15 0.22 0.04 0.008 
21 0.30 0.24 -0.12 0.13 0.19 0.04 0.007 
22 0.18 0.18 -0.18 0.07 0.22 0.05 0.014 
23 0.11 0.16 -0.24 0.04 0.28 0.06 0.008 
24 0.20 0.27 -0.25 0.08 0.37 0.05 0.015 
25 0.20 0.21 -0.35 0.08 0.40 0.07 0.015 
26 0.20 0.11 -0.37 0.08 0.31 0.08 0.015 
27 0.28 0.23 -0.37 0.12 0.37 0.09 0.023 
28 0.36 0.39 -0.29 0.17 0.39 0.09 0.031 
Mar 1 0.22 0.22 -0.31 0.09 0.34 0.09 0.017 
2 0.33 0.57 0.04 0.15 0.24 0.12 0.027 
3 0.59 0.66 -0.03 0.33 0.20 0.10 0.058 
4 0.61 0.67 0.01 0.35 0.17 0.08 0.061 
Exponential rates 
Exponential production rates, net growth rates and loss 
terms were calculated as described (Eqs. 3, 4 and 6) for each 
day during the bloom (Table 1). Carbon-specific production 
rates, from 1~C measurements, (b, Eq. 4) ranged from 0.11 
to 0.61 d -1 with the lowest values occurring during the 
bloom decline (Fig. 6). Exponential rates of biomass change 
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Fig. 7. Relation between exponential carbon-specific rates of pro- 
duction (b*, d -~) predicted from the phytoptankton continuity 
equation (Eq. 8) and rates (b, d-1) observed with 14C techniques 
(Eq. 4). Continuous line is 1:1 relationship between observed and 
predicted values 
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Fig. 8. Observed and simulated (Eq. 10) phytopiankton biomass 
(mg C m-2), based on measured production and loss rates, from 
February 12 to March 4, 1987. Day t represents simulated biomass 
when model is initialized with observed values for February 12, and 
Day 2 the results when initialized with values for February 13 
(Fig. 6) were positive prior to the peak in production 
(February 17) and primarily negative afterwards (Table 1). 
For the entire period, production rates (b) and biomass rates 
(k) were significantly (P<0.05) and positively (R=0.75) 
correlated. Combined exponential loss rates (k r + ks + k o 
+ ke) were fairly constant (0.3 to 0.4) over the first part of 
the study and then gradually increased (Fig. 6) after the 
biomass peak. The higher production and loss rates at the 
end of the experiment were approximately balanced result- 
ing in little net biomass change ven though the phytoplank- 
ton community was now dominated by small, fast-growing 
flagellates. 
To construct the mass balance, the exponential loss rates 
and the rate of biomass change were summed (by rearrang- 
ing Eq. 5) to give an independent estimate of b*, on a day-to- 
day basis: 
b*=k+k~+ks+kg+k e (8) 
where b* (d-1) is the calculated rate (Table 1) for compari- 
son with b based on 14C measurements9 When the two data 
sets are plotted against each other (Fig. 7), the resulting 
regression (GM Model II, Laws and Archie 1981): 
b* = --0.05 (_+0.05)+ 1.2 (+_0.2) b (9) 
with N= 21 and R 2 =09 has a slope not significantly dif- 
ferent from 1 and an intercept not different han 0 (P > 0.05). 
The values in parentheses are the standard errors of the 
estimated parameters. 
A simple numerical simulation model was used to calcu- 
late phytoplankton biomass (mg C m -2 d-1) on a daily 
basis: 
Bi+ 1 = Bi eb-kr-ks-ka-ke (10) 
where biomass (Bi) on February 12 (i=1) was initialized 
with the observed value of I 425 mg C m-  2 d-  1 and the 
other terms are seen in Table i. The simulation was run for 
21 d, corresponding to the period of production observa- 
tions. Modeled biomass values agree with our observations 
(Ra= 0.95), with largest discrepancies occurring during the 
peak-bloom period (Fig. 8). 
The simulation is sensitive to the day on which the model 
is initialized. When the simulation is started on February 13 
with the appropriate measured biomass, the peak fit is im- 
proved (Fig. 8). However, based on the coefficient of deter- 
mination (R 2 = 0.95) the overall fit is unchanged. The excel- 
lent fit of this simple model indicates that the major process- 
es controlling phytoplankton biomass during the bloom 
have been identified and measured correctly. 
Discussion 
The observed exponential production rates (Table 1) were 
within the range of values previously reported for phyto- 
plankton during the winter-spring bloom in Narragansett 
Bay (after converting to instantaneous rates) (Smayda 1973, 
Durbin et al. 1975). Specific production rates declined from 
near optimal at the beginning of the bloom to ca 0.1 d-1 on 
February 23. Since temperature and light were relatively 
constant over this period, we hypothesize that lowered rates 
were primarily caused by nutrient limitation. Consistent 
with this hypothesis was the observed ecline in dissolved 
inorganic nutrient concentrations to very low values by 
February 18, at which time total inorganic nitrogen was 
<0.3 #moles 1-1, sufficiently low to limit diatom growth 
(Smayda 1973, McCarthy and Goldman 1979). The very low 
rate (0.1 d-  i) observed on February 23, however, coincided 
with low light intensity (5.0 E m -2 d-1) which further re- 
duced production9 
Although nutrient concentrations remained low, b, the 
specific production rate, increased at the end of the study to 
near optimal values. The increase in b occurred when the 
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phytoplankton community shifted from diatom- to flagel- 
late-dominated and indicated that loss processes, rather 
than depressed production, were now responsible for the 
low population biomass. Our results support the finding 
that diatoms and flagellates do not have the same physiolog- 
ical requirements (Andersen et al. 1987). Additionally, they 
are consistent with the hypothesis that small cells have 
higher intrinsic rates of growth (Williams 1964) and are 
better able to take up nutrients, perhaps because of their 
high surface area :volume ratio (Munk and Riley 1952, Ma- 
lone 1971). 
Carbon budget 
The high correlation between calculated and observed pro- 
duction rates (Fig. 7) quantitatively indicates the accuracy 
of the day-to-day results. To construct a carbon budget for 
the winter-spring bloom, we individually summed the daily 
values for production and loss rates from February 12 
(when production was first measured) through March 4 
(Table 2). During this period, 14 988 mg C m -2 were pro- 
duced (Table 2). Of this 12 355 mg C m -2 were directly ac- 
counted for by measured loss processes and 188 mg C m -2 
were present as standing crop at the end of the experiment 
(Table 2). A residual loss term of 2 445 mg C m -2 is re- 
quired to fully balance the budget. These results directly 
demonstrate hat the attemped phytoplankton carbon bud- 
get came close to being balanced over the winter-spring 
phytoplankton bloom. 
Respiration 
Although infrequently measured, phytoplankton respira- 
tion has often been implicated as the major term necessary 
to explain high residual loss rates when balancing the differ- 
ence between carbon fixation and carbon standing crop 
(Tilzer 1984, Forsberg 1985). Peterson (1978) concluded 
that most of the discrepancy between photosynthetic uptake 
and biomass change is due to respiration (but varying great- 
ly with nutrient status) while Forsberg (1985) suggested that 
night respiration may represent the largest single carbon loss 
for many phytoplankton communities, Takamura nd Ya- 
suno (1988) found 48% of gross primary production was 
Table 2. Phytoplankton carbon budget for a 21 d period (February 
12 to March 4, 1987) during winter-spring diatom bloom in an 
enclosed marine ecosystem. Percentages represent portion of net 
daytime production lost by each process 
mg C m-2 % 
Primary production 14 988.4 
Night respiration 3 616.9 24.1 
Sedimentation 6 709.4 44.8 
Zooplankton grazing 1 602.0 10.7 
Night excretion 426.9 2.8 
Standing crop at end 188.4 1.3 
Residual (unaccounted C 2 444.8 16.3 
lost as respiration i  Lake Kasumiga-ura, Japan, over a 7 mo 
period. Copping and Lorenzen (1980) reported 6.9% of the 
phytoplankton carbon was respired by plants over a 48 h 
experiment in a natural marine phytoplankton-herbivore 
system. Berman and Pollingher (1974) measured nighttime 
respiration rates which were 40 to 55% of daytime carbon 
assimilation i  Lake Kinneret, Israel. Residual oss rates of 
1 to 60% of the total losses have been attributed to phyto- 
plankton respiration (Coveney et al. 1977, Tilzer 1984, Fors- 
berg 1985). 
Our results indicate that nighttime respiration is respon- 
sible for ca 24% of the carbon loss over the bloom period 
(Table 2). The lower rates (10%) at the beginning of the 
bloom period are consistent with Peterson's (1980) and 
Smith's (1982) suggestion that respiration rate is a small 
fraction of photosynthetic rate in rapidly growing phyto- 
plankton. They further agree with McAllister et al.'s (1964) 
finding that respiration rates increased uring nitrogen defi- 
ciency. 
Sedimentation 
The sedimented flux of phytoplankton carbon and its rela- 
tion to primary production over the bloom (Table 2) falls 
within the range of values in other marine environments. 
Smetacek et al. (1978) measured a total of 6 200 mg C m -2 
collected over a 34 d bloom in the Baltic Sea, an estimated 
14 to 39% of primary production (which was not concomi- 
tantly measured). Peinert et al. (1982) reported a flux of 
11 500 mg C m -2 (65% of the bloom production) over a 
25 d spring bloom in Kiel Bight. Sediment trap data indicat- 
ed that 30% of integrated primary production was lost 
through sedimentation during the spring bloom in Auke 
Bay (Laws et al. 1988) and 51% was lost as sedimentation 
during the spring bloom in the New York Bight (Falkowski 
et al. 1988). 
The total loss due to sedimentation (6 709 mg C m -2 
over a 21 d period) represented 45% of the net daytime 
phytoplankton production (Table 2) and was consequently 
the most important loss process measured. Reynolds et al. 
(1982a, b) similarly found sedimentation to be the major 
fate of diatom blooms in large limnetic enclosures. Rudnick 
and Oviatt (1986) estimated a somewhat lower loss of pri- 
mary production (32%) through sedimentation from Janu- 
ary to July in a MERL mesocosm. The bloom period was 
not included in their calculations. 
Sedimentation of phytoplankton was not proportional 
to phytoplankton production. The percent of production 
lost via sedimentation steadily increased after the biomass 
peak and then decreased as flagellates became more abun- 
dant. On a given day, (Table 1) losses due to sedimentation 
exceeded production by a factor of 2, indicating a lag in the 
sedimentation of recently produced biomass. 
Grazing 
The reported role of zooplankton grazing in removal of 
phytoplankton carbon during bloom periods is variable. In 
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Lake Constance, Tilzer (1984) estimated that 40 to 80% of 
the total losses from the phytoplankton community during 
the spring bloom was due to zooplankton grazing. Based on 
application of the Welschmeyer-Lorenzen model (1985), 
Laws etal. (1988) concluded that herbivorous macro- 
zooplankton consumed 32% of the primary production dur- 
ing the bloom in Auke Bay. Falkowski et al. (1988) found an 
average of 34% of the primary production was consumed by 
zooplankton during the spring bloom in the New York 
Bight. 
Using FPC from sediment trap data, we estimated that 
II % of the bloom production was lost through erbivorous 
grazing. This approach for estimating phytoplankton losses 
due to grazing was indirectly tested by Smith and Lane 
(1988) using New York Bight data. They calculated aily 
fecal carbon fluxes from observed zooplankton ingestion 
rates using a 70% assimilation efficiency (Conover 1966) 
and found that the calculated values were very close to 
fluxes measured using sediment traps and pellet collectors. 
They corroborated their calculations with additional data 
from the North Sea. A major assumption of this approach 
is that assimilation is independent of food concentration 
(Conover 1966). 
While low compared with other regions, our losses due 
to zooplankton grazing are consistent with Smayda's (1973) 
finding that grazing was generally not important in the 1972 
bloom in Narragansett Bay. They further confirm Vargo's 
(1976) and Deason's (1980) similar conclusion that grazing 
pressure removes little of the winter-spring bloom in the 
Bay. Our observations indicated that grazing losses were 
relatively constant (Fig. 5) throughout the bloom. 
As noted, grazing rates as calculated are considered 
maximal. If an alternative assumption is made that grazing 
is equivalent to FPC (which is overestimated byassuming a
conversion factor based on intact phytoplankton cells) then 
the overall loss due to grazing is reduced to 3-4%. If 
zooplankton fecal pellets ink slowly and disintegrate rapid- 
ly in the water column (as suggested by Smetacek 1980) then 
we may have underestimated losses due to grazing. Smayda 
(1969), however, reported sinking rates of 36 to 376 m d-1 
for fecal pellets in Narragansett Bay (74 to 210 m d -~ for 
Acartia hudsonica, the major copepod present during our 
study). Rates of this magnitude would allow little time for 
disintegration before reaching the traps at 4.5 m. Benthic 
grazing, which was excluded from this study by eliminating 
the benthic ompartment, could be an additional loss term 
of importance in the Bay. 
productive systems. Sharp (1974) also found losses of DOC 
by healthy phytoplankton to be negligible while Copping 
and Lorenzen (1980) reported that 6 to 8% of the phyto- 
plankton carbon was lost as DOC in monospecific cultures 
and natural phytoplankton populations. 
Considerable variability in extracellular release of DOC 
has been reported. Up to half of the phytoplankton photo- 
synthate may be excreted as DOC (Lancelot 1979, Jensen 
1983). In the Chesapeake Bay, release rates ranging from 4 
to 68% of total primary production were described (Chrost 
and Faust 1983). Our observed low rates indicate that cell 
rupture was not important. The increased excretion rates 
during the period of nutrient depletion are consistent with 
Laws and Bannister's (1980) finding that metabolic process- 
es and physiological conditions are linked. 
Extracellular products may be taken up by bacteria nd 
returned to particulate form, in which case losses during 
incubation may be underestimated (Bell et al. 1974, Nale- 
wajko et al. 1976). In marine systems, up to 25% of the 
assimilated 14C was transferred to small particles (pre- 
sumably bacteria) during 4 to 6 h incubations (Derenbach 
and Williams 1964). Small bacteria (<1.0/~m) may be re- 
tained by our filtration procedure and the true loss of extra- 
cellular elease may be underestimated. 
Residual oss 
The residual loss (Table 2) may be attributable tograzing by 
microzooplankton (which were not measured) and/or errors 
in the analysis. In Narragansett Bay, microzooplankton 
grazing rates are reportedly elevated uring bloom periods, 
with grazing exceeding 25% of production in the < 10/~m 
phytoplankton fraction (Verity 1986). Some proportion of 
the residual oss could thus be accounted for by micro- 
zooplankton grazing. 
A suspected source of error in the analysis is the assump- 
tion that short-term 14C incubations are equivalent to net 
primary production. Uptake of 1~C most likely measures 
something intermediate between et and gross production 
(Hobson et al. 1976, Peterson 1980, Hecky and Fee 1981), in 
which case an unknown fraction of daytime respiration is
not included in the accounting. Other potential sources of 
error include the assumption of a constant C : Chl ratio, the 
assumptions of 100% herbivory and constant assimilation 
efficiency for grazing by zooplankton, the potential underes- 
timation of excretion, as well as measurement errors. Can- 
cellation of errors could contribute to the low residual loss. 
Excretion 
Release of extracellular carbon was not proportional to pro- 
duction over the winter-spring bloom (Fig. 5). The highest 
measured exponential release rates (Table 1) occurred after 
peak production (February 17); measurements of release 
rates were, however, generally low (2.0 to 8.8% of areal 
production) supporting Hellebust's (1974) and Coveney 
et al.'s (1977) conclusion that low release rates are typical of 
Production vs loss 
The results do not support he general conclusion that when 
production rates are high, loss rates are also enhanced (Til- 
zer 1984, Forsberg 1985). While this may be true over the 
annual cycle, it is not true for the bloom period. Total 
specific loss and production rates were uncorrelated while 
the exponential rate of biomass change and production were 
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Fig. 9. Observed and simulated (Eq. 10) phytoplankton biomass 
(rag C m-2) showing the effects of successively removing a single 
loss process: (a) sedimentation is removed from model; (b) respira- 
tion, grazing, and excretion are individually eliminated from model. 
Results are plotted daily from February 12 to March 4, 1987 
generally caused an increase in predicted biomass compared 
with observed. When excretion losses were removed from 
the model, the results were very close to the full simulation 
(Fig. 8), indicating the relatively minor role that excretion 
plays in controlling biomass. These calculations clearly 
demonstrate hat respiration, sedimentation and grazing are 
all necessary to closely simulate the temporal evolution of 
phytoplankton biomass over the winter-spring bloom. 
The processes affecting phytoplankton carbon dynamics 
over the winter-spring bloom are variable and complex, even 
in the non-advective mesocosm environment. In the natural 
system, benthic grazing and water transport can be impor- 
tant added factors, greatly increasing the difficulty in recog- 
nizing the ultimate fate of locally produced phytoplankton. 
Platt and Conover (1971) reported that 58% of primary 
production in an isolated marine basin was lost by exchange 
with the sea, a process of equal importance to sedimentation 
in our budget. Previous attempts to balance the phytoplank- 
ton carbon budget have rarely included direct measurement 
of production and biomass change combined with measure- 
ments of potentially important loss processes and have often 
been confounded by advection. By incorporating frequent 
direct measurements with elimination of removal via lateral 
transport we successfully balanced the phytoplankton car- 
bon budget over the winter-spring bloom and assessed the 
relative importance of the measured loss terms. 
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significantly related. The results, however, do confirm the 
finding that primary production leads to increased phyto- 
plankton biomass when nutrients are in excess and other 
resources (eg. light) are not limiting (Tilzer 1984, Forsberg 
1985). 
Simulation model 
To examine the role of  each loss process in the dynamics of  
biomass change, we successively removed a single loss term, 
(i.e., k r, k~, k s, ke) from the simulation model and plotted the 
results (Fig. 9). With removal of nighttime phytoplankton 
respiration the basic shape of the biomass curve was re- 
tained, however, the time for peak biomass was delayed and 
the predicted biomass greatly exceeded the observed. When 
sedimentation was not incorporated in the model, the form 
of the predicted biomass curve was drastically altered, with 
biomass continuously increasing over the experimental peri- 
od. Removing grazing from the model caused the peak 
biomass period to extend over several additional days and 
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